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ABSTRACT

Author: Pachaury, Yash. MSME
Institution: Purdue University
Degree Received: August 2018
Title: Multi-Scale Modeling for Assessment of Sub-Surface Damage in Iron-Titanium
Carbide Metal Matrix Composites
Major Professor: Yung C. Shin
This study is concerned with investigating the effect of laser assisted machining on
sub-surface damage during turning of iron-titanium carbide metal matrix composite (MMC)
manufactured through laser direct deposition. A high-fidelity 3D multi-scale computational
model is presented to predict the macroscopic and micromechanical response of the metal
matrix composites undergoing laser assisted turning. Implementation of the multi-scale
model has been realized through a hierarchical multi-scale modeling methodology where
the results of interfacial mechanics for Fe-TiC composites determined from MD
calculations have been used to parameterize the cohesive zone model in the finite element
simulations. The 3D nose turning simulation model is capable of predicting the mechanics
of cutting of composites, tool-particle interaction, cutting forces and sub-surface damage,
hence providing a holistic framework for investigation of machinability of metal matrix
composites. With the help of the simulation model, it has been discovered that the particles
plough through the matrix material due to their increased concentration ahead of the cutting
tool. This contributes to the dynamic loading of the machined workpiece in addition to
loading from the secondary cutting edge of the tool. These two mechanisms collectively
contribute towards sub-surface damage in the machined metal matrix composites.
Damage analysis of Fe-TiC MMC revealed three-different types of damage
mechanisms, namely particle pullout/fracture, interfacial debonding leading to void
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nucleation in matrix and coalescence of voids in the matrix. Localized heating of the FeTiC workpiece via a CO2 laser ahead of the cutting tool has been shown to be effective in
reducing sub-surface debonding by approximately 20%. An experimental evaluation of the
machinability of MMCs revealed a reduction in specific cutting energy by approximately
19%, a 20% improvement in tool life when using carbide tool at an optimum material
removal temperature of 300 °C as compared to conventional machining after full annealing
of the MMC.
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1. INTRODUCTION

Rationale
Requirements for high stiffness, high strength, light weight, wear and corrosion resistance
products have escalated the needs for the development of metal matrix composites (MMCs) for
automotive, aerospace and aeronautical applications. Reinforcement by hard ceramic particles
such as titanium carbide (TiC), silicon carbide (SiC), alumina (Al2O3) etc. into metals such as iron
(Fe), aluminum (Al), titanium (Ti) provides enhanced strengths without a significant loss of
toughness, allowing the engineers and scientists to go beyond the performance limits of those
metals. Previously, much of the attention has been focused on MMCs made from light weight
structural metals such as Al, Ti, Mg, etc., but lately, iron and steel based composites have been
gaining a lot of attention to produce inexpensive abrasion and wear resistant parts. Competitive
costs, easy availability and extensive usage of iron/steel makes iron based composites very
attractive candidates for industrial applications such as low-cost coatings, functionally graded bulk
materials, etc.[1, 2]. Fe based MMCs provide a heat treatable matrix with scalable material
properties, which can be tailored by adjusting the microstructure. Titanium carbide (TiC) possesses
low density, high hardness and high chemical and thermodynamic stability, which makes them
suitable to be used as reinforcements in Fe matrix [3].
Material processing and manufacturing using laser direct deposition (LDD) has facilitated
the development of new material systems, repair and remanufacturing of high value industrial
components, wear resistant coatings, design and development of high value-low volume freeform
components for automotive, aerospace and aeronautical applications [4, 5]. A single layer of
material is deposited by feeding its powders into a molten metal pool generated by a focused highpower laser beam on a substrate. Bulk material can be manufactured by stacking these layers
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together. Capability to simultaneously feed multiple powders into the molten pool makes LDD a
versatile and attractive process to produce particulate reinforced metal matrix composites
(PRMMCs). However, the LDD process is a near net shape process and machining operations are
sometimes necessary to obtain the desired dimensional accuracy and tolerances.
The machinability of MMCs is poor due to high attendant tool wear which increases the
cost of the product. Hard ceramic particles abrading against the tool result in very high tool wear
and shorter tool life, hence increasing the cost of the finished part. On the other hand, previous
research has indicated the presence of sub-surface damage in the machined parts, which degrades
the part quality [6-8]. The damage underneath the machined surface can occur in the form of
separation of the interface between the matrix and the particles, particle damage, and matrix
cracking, or a combination of these. Significant amount of research has been conducted for
investigation of the machinability of MMCs, typically targeted towards reducing tool wear and
enhancing sub-surface integrity through a correct choice of process parameters.
Laser assisted machining (LAM) has been very useful for enhancing the machinability of
a wide range of materials including metals [9-11], ceramics [12, 13], composites [14-17], etc.
Reduction in the yield strength of metals at an elevated temperature governs the principle of LAM.
The tool can easily cut through the material due to less resistance offered by the material. This
leads to improved surface quality, reduced tool wear and improved economy of cutting. LAM has
been proven to be useful for enhancing the machinability of MMCs by reducing the sub-surface
damage and tool wear.
Owing to the highly dynamic and non-linear nature of machining, it is impossible to
understand the progressive evolution of damage with experiments. It becomes quintessential to
perform modeling of machining processes through heterogeneous microstructure to visualize the
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interaction of the tool with the particles and the matrix, which gives rise to sub-surface damage.
Modeling methodologies for thermo-mechanical deformations in composite materials mainly
comprise of equivalent homogeneous material (EHM) simulations [18], micro-mechanics based
approaches [19] or a combination of both [6, 20]. The EHM methodology can provide the
macroscopic deformations in the metal matrix composites but is incapable of resolving the local
stress fields. Sub-surface deformations and damage during machining processes cannot be
predicted using this methodology. On the other hand, micro-mechanics based approaches can
resolve the local fields but at the cost of computational complexity. Micromechanics based finite
element methods have been utilized widely to model the orthogonal cutting of MMCs [14, 19],
which can reveal information about the tool-particle interaction, particle flow with respect to the
cutting tool and their indentation into the matrix. However, they are not adequate for the prediction
of sub-surface damage. This is because the secondary cutting edge is responsible for transmitting
compressive and tensile stresses on the finished workpiece, which are highly influenced by the
tool geometry, especially the tool nose radius. These cannot be taken into consideration in 2D FEA
framework. Furthermore, interfacial crack propagation sites are spatial rather than planar, and the
inherent assumption of plane strain/plane stress for the 2D machining simulations might lead to
simulation artifacts in the prediction of sub-surface damage. Advantages of both the modeling
methodologies can also be harnessed for predicting the macroscopic and microscopic response of
the composites. This involves using the EHM model to predict the global response of the MMCs
subjected to thermo-mechanical deformation and then interpolating the nodal variables such as
nodal displacement, temperature etc. into a local heterogeneous model for predicting the subsurface damage. Nevertheless, modeling of tool particle interaction is not possible using these
multi-step models.
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This study is concerned with studying the machinability of Fe-TiC metal matrix composite
manufactured through laser direct deposition. The primary aim of the study is to assess the subsurface damage induced in the MMCs due to machining, underlying mechanisms which give rise
to damage and the effect of LAM on the machinability of MMC using experiments and predictive
modeling. Interfacial behavior of Fe-TiC MMC is also examined as the heterogeneous interfaces
play a pivotal role in load transfer from the matrix to particles and vice versa and crack propagation
in the interface has a significant impact on the service life of the MMCs.

Literature Review
1.2.1 Machining of Metal Matrix Composites
Over the past few decades, many efforts have been made to investigate the machinability
of MMCs. Machinability is dependent on reinforcement material, their size and volume fractions,
matrix properties and the distribution of particles in the matrix. Hence, correct tooling and
appropriate choice of process parameters are essential for optimum outcomes and economic
viability.
Effects of cutting speed, feed and depth of cut on the machining response of MMCs are
similar to those of metals [21]. Due to the existence of hard ceramic particles in the metallic matrix,
the machinability of MMCs is also dependent on particle size and their volume fraction. Increasing
the cutting speed suppresses the formation of built-up edges (BUEs), which enhances the surface
finish but reduces the tool life [22, 23]. Furthermore, increased temperature in the cutting zone at
high cutting speeds accelerates the diffusion wear [22-24]. Feed negatively affects tool wear,
surface roughness and sub-surface damage; higher feeds result in increased tool wear [22], surface
roughness [24, 25] and sub-surface damage [6]. Likewise, depth of cut has a negative influence on
the tool wear [22] and surface finish [26]. An increase in the particle size and their volume fraction
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increases the tool wear [27, 28]. With an increase in the concentration of the particles in the matrix,
the frequency of the hard ceramic particles abrading against the tool increases, consequently
resulting in higher tool wear.
Polycrystalline diamond (PCD) tools are recommended for the machining of MMCs. But
owing to the high costs associated with the PCD tooling, feasibility of other tools for machining
these MMCs has also been investigated. Manna and Bhattacharya [26] used fixed rhombic tooling
as an alternate to PCD tooling. High speed, low feed and low depth of cut were recommended for
better surface finish, reduced tool wear and suppression of built-up edges (BUEs). Also, coated
carbide cutting tools have been identified to be better than that of uncoated carbide tools and
ceramic cutting tools in terms of tool wear [27, 28], but they suffer from crater and abrasive wear
[29].
To enhance the machinability of MMCs, Kannan and Kishawy [30] studied the machining
of aluminum metal matrix composites under both dry and wet cutting conditions and revealed that
cutting fluids can improve the tool life at high cutting speeds. Minimal improvement in the tool
life was observed at low cutting speeds. This is because mechanical wear mechanism dominates
at low cutting speed because the lubricant cannot form a lubrication layer/film that could reduce
the friction. Moreover, the surface quality deteriorated due to flushing of partially debonded
particulates, which resulted in an increase in the fraction of pits formed on the finished surface.
Josyula and Narala [31] studied the cryogenic turning of Al-TiCp metal matrix composites. They
determined optimum feeding pressure, impingement angle and spray distance of atomized liquid
nitrogen (ALN) into the machining zone to minimize the tool wear and surface roughness.
Furthermore, the machinability tests conducted on the MMCs with the ALN yielded better results
than dry machining, wet machining and machining with cryogenically chilled argon.
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As mentioned previously, machining results in sub-surface damage due to the loading of
the finished workpiece by the secondary cutting edge of the tool. Sub-surface damage in MMCs
exists in the form of particle pullout, particle fracture, and voids and cracks around the particles
[8]. Dabade et al. [32] investigated the machining of Al/SiC MMCs of varying compositions and
sizes on the surface roughness of the MMC. It was observed that coarse particle resulted in more
fracture and debonding of reinforcements than fine particles. Correspondingly, coarse particles
resulted in the production of rougher surface than fine particles. Kannan and Kishawy [30] showed
that the use of cutting fluids was ineffective in reducing the sub-surface damage in machining of
7075 Al/10 % Al2O3 MMC. On the other hand, Dandekar and Shin [7, 14] have shown that LAM
is effective in the reduction of sub-surface damage of MMCs, which is the primary focus of this
study. A detailed review of LAM is presented in the next sub-section.
1.2.2 Laser Assisted Machining
As mentioned previously, laser assisted machining (LAM) reduces the yield strength via
localized heating, which in turn reduces cutting forces and improves the machinability of materials.
LAM is responsible for reducing the specific cutting energy and tool wear and improving the
surface finish and economics of machining. In this sub-section, a generalized overview of LAM is
presented.
One of the most important aspects for LAM of materials is controlling the temperature in
the heating zone so as to systematically investigate the machinability of different materials as a
function of temperature. In early 1990, Ignatiev et al. [33] investigated experimentally the
influence of laser parameters on the surface temperature via laser heating and material removal
temperature using a spatial high-resolution pyrometer. Pfefferkorn et al. [34] also measured the
temperature during LAM using a pyrometer and revealed that laser feed velocity has a significant
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impact on the energy absorbed by the workpiece and energy diffusion to the desired depth of cut.
Subsequently, a transient thermal model for predicting the surface temperature during laser heating
was developed by Rozzi et al. [35] and tested for silicon nitride ceramics. A good agreement was
obtained between the predicted temperature and the measured temperature from the pyrometer.
Later, a parametric study to investigate the parameters affecting the surface temperature was also
carried out by Rozzi et al. [36]. From the numerical model, it was concluded that the rotational
speed and feed inversely affect the thermal layer thickness and the temperature on the surface of
the workpiece is directly proportional to the laser power. The heating model was extended to study
the temperature during LAM of silicon nitride [37] and the effect of different laser parameters was
also investigated [38]. These models for laser heating and laser assisted machining were developed
only for simple cylindrical geometries. Later, Tian and Shin [39] extended the thermal model for
LAM so as to predict the temperatures during machining of parts with complex geometrical
features with material removal. The temperature predicted from the model showed good agreement
with the experimental results for laser assisted machining of silicon nitride with complex geometric
features.
LAM has been widely utilized to ensure ductile regime cutting of ceramic materials, which
are very difficult to machine otherwise. Lei et al. [40] studied LAM of Si3N4 ceramics using
polycrystalline cubic boron nitride tool (PCBN). Tool life obtained using LAM was reported to be
comparable to metal machining with flank wear being the major wear mechanism of the tool. The
material removal mechanism was identified to be: (i) oxidation, melting and vaporization in the
surface layer, (ii) plastic deformation in the shear zone due to viscous flow of the glassy phase,
and (iii) formation of segmented chips due to propagation of intergranular cracks. Sub-surface
integrity of the machined workpiece was identified to be better than that of grinding. Tian and Shin
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[41] modeled the interfacial glassy phase to simulate the chips and cutting forces using a cohesive
zone model (CZM). Pfefferkorn et al. [42] investigated LAM of magnesia-partially-stabilized
zirconia. 2.5 folds reduction in the specific cutting energy was reported with mixed ductile and
brittle material removal mechanisms. Rebro et al. [43] studied the machining of reaction sintered
mullite ceramics and identified the range of parameters for realizing the benefits of LAM. Chang
and Kuo [44] investigated the LAM of alumina ceramics by increasing the temperature in the
cutting zone to more than the glass transition temperature of 850 °C for alumina. Setting surface
roughness as the optimization parameter, the contribution of the rotational speed, feed, depth of
cut and pulsing frequency was found to be 42.68%, 22.58%, 20.73% and 14.01%, respectively
using Taguchi’s method. Dong and Shin [45] modeled the LAM of alumina with CZM
representing the interfacial glassy phase in the ceramics. It was observed that the cutting forces
increased with an increase in the weight percentage of alumina and decreased with increasing
material removal temperature.
With time, LAM has also gained a widespread significance for machining of metals. LAM
has been widely utilized for studying the machining of hardened steels [46], waspaloy [47, 48],
titanium alloys [11, 49], inconel [9, 50], compacted graphite iron [10], cast iron [51] etc. where
reductions in cutting forces, improvement in tool life and surface finish were observed. Ding and
Shin [47] studied the sub-surface integrity of the waspaloy during LAM and revealed that LAM
relieves the strong surface work hardening in nickel based alloys as compared to conventional
machining, which was observed after microhardness tests on the machined surface. Ding and Shin
[46] also studied the sub-surface residual stresses during LAM of hardened steel. Tensile stresses
were obtained along the hoop direction which increased with the increase in feed. On the other
hand, LAM produced more compressive residual stresses in the axial direction. Economic viability
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of LAM has also been studied for different hard-to-cut materials. Skvarenina and Shin [10] studied
the LAM of compacted graphite iron and revealed a cost reduction by approximately 22% for
machining an engine cylinder liner with the dimensions of 305 mm and a diameter of 165 mm and
a depth of cut of 0.5 mm corresponding to 80,000 mm3 of material removal. Anderson et al. [9]
studied the LAM of Inconel 718 and revealed an increase in the ceramic tool life by 200-300 %.
This resulted in a decrease in the cost of manufacturing by 55% when compared to conventional
machining using carbide tools. Ceramic tools allow for high material removal rates, which can
further be improved using LAM and together they contribute towards better economic viability of
the process. Dandekar et al. [11] studied the LAM of Ti6Al4V and compared it to hybrid
machining and conventional machining. Coated carbide tools accompanied with LAM offered a
cost reduction by 30-33% as compared to uncoated tools. The cost was further reduced by using
hybrid machining with liquid nitrogen fed into the machining zone in addition to localized heating
by the laser, where a cost reduction of 40-42% was observed.
1.2.3 LAM Thermal Modeling
The model by Tian and Shin [39] is a state of the art conduction model for predicting
surface temperature and material removal temperature of workpiece irradiated by laser. The model
has the capability to predict 3D transient temperature distributions during LAM of complex
geometrical features. Material removal is modeled by partially deactivating control volumes based
on machining geometry by setting thermal conductivity of the control volume to zero, if all
material in the control volume has been machined. Properties of the control volume are redefined
if only a portion of the control volume is included in the simulated workpiece.
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Figure 1.1. Schematic representing various boundary conditions for thermal model [39].
Figure 1.1 illustrates the schematic of LAM thermal modeling with various boundary
conditions. The model is based on the finite volume method and provides a robust description of
machining processes. The model takes into consideration the laser irradiation, conduction into the
workpiece, convection and radiation and heat generated due to machining. The governing heat
transfer equation is given by Equation 1.1,
𝜌(

𝜕ℎ
𝜕ℎ
1𝜕
𝜕𝑇
1 𝜕
𝜕𝑇
𝜕
𝜕𝑇
+𝜔 )=
(𝑟𝑘 ) + 2
(𝑘 ) + (𝑘 ) + 𝑆
𝜕𝑡
𝜕∅
𝑟 𝜕𝑟
𝜕𝑟
𝑟 𝜕∅ 𝜕∅
𝜕𝑧 𝜕𝑧

(1.1)

where 𝜌 is the density, 𝜔 is the workpiece angular velocity, h is the enthalpy, T is the temperature
and k is the thermal conductivity and 𝑟, ∅, and 𝑧 are the cylindrical coordinates. First term in
Equation 1.1 on the left side represents energy storage and the other term comes from the rotation
of the workpiece and represents circumferential advection. The first three term on the right
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represents thermal conduction in radial, circumferential and axial directions respectively and the
last term represents the internal heat generation. Thermal effects due to machining is based on
specific cutting energy, area of the chip removal, heat lost to the chips and thermal effects of the
friction.
An iterative implicit scheme has been utilized by Tian and Shin [39] to solve the heat
transfer equation using temperature dependent thermo-physical properties. Detailed methodology
for the control volume deletion and regeneration, numerical implementation and convergence can
be found in [39]. The model can predict the temperatures for single phase materials and their alloys
and have been shown to be very effective in controlling the temperatures during LAM of metals
such as Ti6Al4V, Inconel, etc. Thermal modeling for heterogeneous multi-phase material systems
can also be carried out using equivalent properties of the materials. The equivalent properties can
be determined using the properties of the individual constituents and their fraction in the
heterogeneous materials. Tian and Shin [52] used the thermal model to investigate the laser
assisted dressing using a diamond grinding wheel. It was shown that the effective properties of the
composite material are suitable for predicting the temperature due to laser irradiation. To
homogenize the thermal properties, the formula by Hasselman and Johnson [53] or Maxwell [54]
can be used. Furthermore, Eshelby’s mean field homogenization theory has also been useful in
predicting the equivalent conductivity of composite materials [52, 55]. To predict the equivalent
specific heat of composite materials, the mass weighted average of individual constituents is
preferred owing to the dependence of specific heat on the mass of the materials [56]. Lately, the
thermal model has also been utilized for the prediction of temperature during laser irradiation in
alumina by taking into consideration the thermal conductivity due to interfacial glassy phase using
the effective properties [57]. Prior work for predicting the temperature using the EHM properties
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has demonstrated the validity for using the thermal model for prediction of temperature in MMCs
using the equivalent properties and determining laser parameters for controlling the temperature
during cutting.
1.2.4 Laser Assisted Machining of MMCs
LAM has been utilized for investigation of the machinability of both fiber reinforced MMC
[58] and particulate reinforced MMCs [59, 60]. A review for the LAM of particulate reinforced
MMC is presented in this sub-section. While the improvement in tool life has been reported during
LAM of particulate reinforced composites, the scientific community has not yet arrived at a
unanimous consensus for the dependence of surface roughness on the material removal
temperature. While Dandekar and Shin [60] reported a significant reduction in the surface
roughness during LAM of particulate reinforced Al/SiC MMC, Bejjani et al. [59] reported a
marginal increase in the surface roughness during LAM of Ti6Al4V/TiC MMC. Tool-workpiece
and particle-matrix material combinations, particle size and particle volume fraction affect the
surface roughness and sub-surface damage which requires investigation of the machinability of
new material systems.
Dandekar and Shin [60] studied LAM of Al/SiC (20%) MMCs and revealed 37% percent
reduction in the surface roughness, 12% reduction in the specific cutting energy and 2.35 times
improvement in the tool life through an appropriate choice of process parameters. Prazestacki [61]
studied the LAM of Al/SiCp (20%) MMCs using carbide and polycrystalline cubic boron nitride
(PCBN) tools and revealed that the carbide tool wear during LAM was approximately the same as
PCBN tool during conventional machining with small feed, speed and depth of cut. Prazestacki et
al. [62] also studied the formation of surface layer during laser assisted turning of Al/SiC MMCs.
They suggested that by carefully choosing the process parameters, the surface layer of MMCs can
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be melted at high laser power, allowing the sedimentation of particles in the machined sub-surface,
thereby increasing the wear resistance of the machined MMCs. The surface finish obtained for a
depth of cut of 50 µm during LAM was found to be better than that of conventional turning. It was
suggested that by increasing the laser power, the depth of cut can be increased. However, no study
has been conducted on the surface finish and wear properties at laser power beyond 1000W.
Semi-continuous saw tooth chips were observed during the machining of high volume
fraction Al/SiC (45%) MMCs [63]. Abrasion of the tool was identified to be the primary tool wear
mechanism for high volume fraction Al/ SiC (45%) MMCs [64]. The CVD coated triple layer
(TiCN/Al2O3/TiN) carbide tool performed best during the machining of the MMC. Kong et al. [65]
carried out an economic analysis after determining optimum parameters for surface roughness and
revealed a cost saving of 40-50% per part when using high power diode lasers for augmented
heating.
While the impact of LAM on the machinability of metal matrix composites has been
examined extensively, the literature for studying the effect of LAM on sub-surface deformation is
limited. It is a widely accepted fact that increasing the temperature in the cutting zone reduces the
cutting forces that govern the loading of the finished workpiece and is capable of reducing the subsurface damage. Among the particulate reinforced MMC, the effect of LAM on the sub-surface
damage has been studied only on Al-SiC (20%) MMC material and has been shown to have
promising impact on the machining characteristics of the MMC. However, it is essential that the
effect of LAM on sub-surface damage in other composite material systems be examined so as to
gain an understanding about the damage mechanisms and the extent of improvement possible with
the LAM, which is one of the main focus of present study.
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1.2.5 Modeling of Composite Machining
The intricacies revolving around the machining of metal matrix composites has also
garnered significant research attention towards analytical and finite element modeling (FEA) of
MMC machining. Analytical models by Kishawy et al. [66, 67] enabled the prediction of the
cutting force and tool wear progression during machining of metal matrix composites. However,
with the evolution of computational speed and capacity during the last two decades, the inclination
of the research fraternity has surged towards finite element modeling. A good numerical model
should be capable of taking into consideration different failure modes in MMCs during their
thermo-mechanical deformation. The primary failure modes are identified to be: (i) cracking of
the reinforcement particles, (ii) partial debonding at the particle/matrix interface resulting in the
nucleation of voids and (iii) the growth and coalescence of voids in the matrix [6, 68]. A detailed
literature review for the modeling of machining of composite materials is provided by Dandekar
and Shin [21]. Only some of the works which pertain to the present study is presented here.
El-Gallab and Sklad [69] presented a finite element model for tool wear, which could
predict crater wear, pitting and chipping. El-Gallab and Sklad [70] endeavored to provide a holistic
framework for selection of optimum process parameters for machining by developing an FEA
model and also studied sub-surface integrity. The model predicted a change from compressive
stress to tensile stress during loading and unloading respectively, which resulted in the generation
of damage layer. A 2D orthogonal cutting model was developed by Pramanik et al. [19] for
predicting the tool-particle interaction. Indentation of the particles into the matrix, particle pullout
and movement of the particles over the tool rake face/ flank face was modeled successfully.
However, the model considered perfect bonding between the matrix and the particles, whereas
bonding between the matrix and the particles exists through an interface, the property of which is
intermediate between the matrix and the particles. Cohesive zone elements have been used
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extensively for modeling the interface between heterogeneous materials. Tian and Shin [41] first
used a CZM approach to represent the interfacial glassy phase in Si3N4 to simulate the laser assisted
machining of ceramics. Since then, the CZM approach has been used to represent the interfaces in
FEA models for machining of ceramics [45], fiber reinforced composites [58, 71], and particulate
reinforced composites [6, 7]. The traction separation law governs the behavior of the cohesive
elements which can be determined either empirically through experiments [72, 73] or using
molecular dynamics calculations. Recently, 2D orthogonal cutting models by Umer et al. [74] and
Ghandeharium et al. [75] using the CZM approach predicted immediate debonding of the particles
along the cutting line ahead of the tool. The extent of debonding has been predicted to be less for
particles below and above the cutting line.
As mentioned previously, these 2D orthogonal cutting models, despite being significant
for understanding the mechanics of cutting of MMC and tool particle interaction, are not adequate
for modeling the sub-surface damage. With the increasing developments in the theories related to
multi-scale modeling, it has become possible to model the 3D machining of metal matrix
composite. Dandekar and Shin [6] developed a multi-step 3D finite element model where the
global response of the MMC during cutting was predicted using an equivalent homogeneous
simulation model (EHM) and the sub-surface damage was predicted using a local heterogeneous
model by transferring the global deformation variables into the local model via nodal interpolation.
Figure 1.2. shows a schematic of the modeling methodology for this multi-step modeling. A
cohesive zone model (CZM) was used to represent the interface between the matrix and the
particles to account for the bonding more appropriately. The multi-step model was improved by
Dandekar and Shin [7] using a molecular dynamics based cohesive zone model and strain gradient
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plasticity. Figure 1.3. represents a schematic for the state of the art for subsurface damage modeling
in MMC using hierarchical multi-scale modeling.

Global Model

Local Model

Figure 1.2. Schematic for multi-step modeling for prediction of sub-surface damage [6].
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Figure 1.3. Schematic representing the hierarchical multi-scale simulations [21].

Research Objective
The objective of this study to assess the machinability of metal matrix composites undergoing laser
assisted machining via experiments and predictive modeling. The specific objectives are as follows:
1. To determine the interfacial mechanics of Fe-TiC composites under mode 1 and mode 2
loading
2. To develop a hierarchical multi-scale model for predicting the sub-surface debonding in metal
matrix composites undergoing laser assisted machining.
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3. To validate the multi-scale model for iron-titanium carbide metal matrix composites
manufactured through additive manufacturing and to explore the mechanisms responsible for
inducing the sub-surface damage.
4. Assessment of machinability of Fe-TiC metal matrix composites undergoing laser assisted
machining

Thesis Outline
In Chapter 2, an experimental evaluation of the laser assisted machining of Fe-TiC metal
matrix composites is presented. The effect of post manufacturing heat treatment of the composite
is presented. Experimental results for the tool wear and surface roughness are presented. In Chapter
3, a novel multi-scale 3D model for prediction of sub-surface damage is proposed. The validation
of the model for Fe-TiC metal matrix composites is presented at different material removal
temperatures. The mechanisms of sub-surface damage are identified. Conclusions and
recommendations for future work are presented in Chapter 4.
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2. EXPERIMENTAL EVALUATION OF LASER ASSISTED MACHINING
OF IRON-TITANIUM CARBIDE METAL MATRIX COMPOSITES

In this chapter, laser assisted machining (LAM) of novel Fe-TiC MMC manufactured
through laser direct deposition (LDD) is investigated. Specific cutting energy, surface roughness,
and sub-surface damage are experimentally evaluated and correlated to the material removal
temperature. With the help of transient 3D thermal model, temperature in the machining zone is
controlled and tool wear progression and tool life are investigated experimentally during
conventional machining and laser assisted machining.

Experimental Procedure
Fe-TiC MMC cylinders of diameter 26 mm and length 150 mm were manufactured using
premixed Fe-TiC (10 vol%) powders with an Optomec LENS® 750 LDD system. Irregular shaped
TiC powders were sifted through a sieve of mesh size 100 µm prior to the deposition. Composition
of the iron powders is presented in Table 2.1.
Table 2.1. Composition of iron powders.
Elements

Si

C

Mn

Al

Fe

wt.%

2

0.004

0.4

0.1

Balance

LDD process suffers from micro-porosities in the built part. Also, the microstructural
characteristics (e.g. grain size, grain morphology) are strongly dependent on the thermal history.
In addition, rapid thermal cycling due to laser treatment during their manufacturing results in
residual stresses in the components [76, 77]. Therefore, the cylinders were annealed at 1030 °C
for 3 hours in vacuum followed by slow cooling to ensure a uniform microstructure throughout
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the composite and to relieve the residual stresses. Prior to conducting machining experiments, the
microstructure of the heat treated MMC was examined and compared to the microstructure of as
manufactured samples. Grains morphology and their size were determined before and after the
heat treatment to ensure ferrite matrix throughout the material and x-ray diffraction was carried
out to determine the effect of heat treatment on the additively manufactured MMC. To examine
the microstructure of the MMC, they were sectioned, polished and etched with the 2% Nital.
Figure 2.1 shows the experimental setup for the laser assisted machining of Fe-TiC MMC.
The laser irradiates the Fe-TiC sample 55° upstream of the cutting tool. The lead of the laser spot
ahead of the cutting tool was 1.7 mm and the laser spot size on the surface of the specimen was
measured to be 4 mm. To enhance the absorptivity of the CO2 laser energy by the material, the
surface of the cylindrical specimen was coated with graphite adhesive acquired from Cortronics.
Dry machining experiments were carried out with compressed air purged into the cutting zone to
prevent any damage to the laser optics. Table 2.2 lists the parameters at which the LAM
experiments were carried out. Each experiment was carried out twice to ensure the repeatability of
the experiments. To determine the laser parameters required to achieve a constant material removal
temperature in the cutting zone, a 3D transient cylindrical heating model developed at Purdue
University was tested and utilized. The details for the thermal modeling of the MMC is presented
in the next sub-section. The temperature profiles during laser heating were measured using a noncontact FLIR SC3000 infrared camera. Measurement of temperature profiles was carried out at
135° upstream of the cutting tool. For testing of the thermal model, the temperature profiles at the
same location on the surface of the workpiece was extracted from the model.
The cutting tool utilized for the LAM experiments was Kennametal K68 SPG422. Other
tooling details are presented in Table 2.3. Cutting forces were measured using a three component
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Kistler 9121 dynamometer and Kistler Type 5010 amplifier. With the help of the cutting forces,
depth of cut and feed per revolution, specific cutting energy during LAM was determined. Tool
wear was measured with the Zeiss microscope after cutting approximately 3000 mm 3 of MMCs.
Since MMCs are manufactured to near net shape and require only finish machining operations for
the dimensional accuracy and tolerances, tool life was measured as the time when the flank wear
reached 0.3 mm. Surface roughness was measured with Surftronic 3+ surface profilometer at 6
different locations along the feed direction after each machining experiments. Surface roughness
during the machining of MMCs can be misleading due to the existence of sub-surface damage.
Therefore, sub-surface damage was also measured after the machining experiments. To
characterize the sub-surface damage, the machined samples were sectioned and mounted on
bakelite. Polishing of the samples was carried using 180, 240, 320, 400, 600, 800 and 1200 grits
abrasive papers and the final polishing was carried out in an oil suspension with 3 µm diamond
paste. Scanning electron microscopy (SEM) was performed at an accelerating voltage of 25 keV
to investigate the regions of debonding in the machined sub-surface. Potential regions of
debonding were identified by cracks in the interface between the matrix and particles. The
machined surface was investigated thoroughly to depth where the cracks ceased/disappeared.
Damage measurement was conducted on two different samples, prepared after 20 mm length of
cut using a fresh cutting tool, at various locations around the periphery at each material removal
temperature.
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Figure 2.1. Schematic for laser assisted machining setup.

Table 2.2. Process Parameters.
Cutting Speed
(m/min)

Feed
(mm/rev)

Depth of
Cut (mm)

Tmr (°C)

150

0.1

0.76

23 °C, 200 °C, 300 °C,
400 °C

Table 2.3. Tooling details.
Tool holder

CSRPL-164D

Side Rake angle

5°

Relief angle

11°

Lead Angle

15°

Back Rake Angle

0°

Nose Radius

0.8 mm

Edge radius

0.012 mm
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LAM Thermal Modeling and Validation
Tian and Shin [39] developed a 3D transient thermal model based on the finite volume
method to predict the temperature in a workpiece with complex geometric features. The model has
been utilized for the prediction of surface temperatures for various metals, such as Inconel,
Ti6Al4V, and for ceramics such as Alumina, Silicon Nitride, etc. The model can predict the 3D
transient temperature distributions for single phase materials and their alloys with material removal.
Moreover, temperature predictions of composite materials could also be carried out using
homogenized material properties for the composites [60]. Homogenized properties for Fe-TiC
MMC were determined using the properties of the individual constituents and fraction of the
constituents present in the composite. Table 2.4 gives the properties of the individual constituents
utilized for determining the equivalent homogeneous properties of the MMCs. Equivalent density
was calculated to be 7577 kg/m3 using the simple rule of mixture. Equivalent thermal conductivity
was calculated using the Hasselman-Johnson Equation (Equation (2.1)).

𝐾𝑒𝑓𝑓

𝐾𝑝 𝐾𝑝
𝐾𝑝 2𝐾𝑝
[2 (𝐾 −
− 1) 𝑣𝑝 + 𝐾 +
+ 2]
𝑎ℎ
𝑎ℎ
𝑚
𝑚
= 𝐾𝑚
𝐾𝑝 𝐾𝑝
𝐾𝑝 2𝐾𝑝
[(1 − 𝐾 + ) 𝑣𝑝 + 𝐾 +
+ 2]
𝑎ℎ
𝑎ℎ
𝑚
𝑚

(2.1)

where Kp and Km represent the thermal conductivity of particle and matrix respectively, 𝑣𝑝
represents the volume fraction of the particles, a is the radius of the particles and h represents the
interfacial thermal conductivity. Average size of the particles was taken into consideration for
determination of the equivalent properties which was determined to be 49 µm. Equation (2.2)
represents the equivalent thermal conductivity of the MMC, which was utilized in the thermal
model.
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𝐾𝑒𝑓𝑓 = 21.657 + 0.03456𝑇 − 2.9815 𝑋 10−5 𝑇 2,

298𝐾 < 𝑇 < 850 𝐾

(2.2)

Owing to the dependency of the specific heat on the mass of the materials, effective specific heat
has been calculated using mass weighted average of the constituent properties (Equation (2.3)).
𝑒𝑓𝑓
𝐶𝑝

𝐶𝑝𝑚 𝜌𝑚 (1 − 𝑣𝑓 ) + 𝐶𝑝𝑝 𝜌𝑝 (𝑣𝑓 )
=
𝜌𝑐

(2.3)

𝑝

where 𝐶𝑝𝑚 and 𝐶𝑝 represent the specific heat of the matrix and the particles respectively, 𝜌𝑚 , 𝜌𝑝
and 𝜌𝑐 are the density of matrix, particles and the composite respectively. Equation (2.4) represents
the effective specific heat capacity of the MMC.
𝑒𝑓𝑓

𝐶𝑝

= 383.3961 + 0.3042368 𝑇
+ 1.6786𝑋10−4 𝑇 2 ,

298𝐾 < 𝑇 < 850 𝐾

(2.4)

Emissivity and absorptivity of the surface are also essential for modeling the temperature
due to laser heating. Based on the previous work of Anderson et al. [9], the emissivity and
absorptivity of the coated surface has been taken to be 0.85 and 0.8 respectively in the thermal
model. For validating the temperature predicted using the thermal model, laser heating
experiments were carried out using parameters presented in Table 2.5. The simulation model was
run using the same process parameters and the maximum surface temperature along a line at the
center of the MMC obtained from the two methods were compared.
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Table 2.4 Thermal Properties of MMCs.
Fe

TiC

Density (kg/m3)

7874 [78]

4910 [80]

Thermal
Conductivity (W/m
K) k[T(K)]

25.2665+4.032x10-2 T3.478x10-5T2
[79]

19.637+0.0139T [80]

Specific Heat (J/kg
K)
Cp[T(K)]

324.13+0.5023 T [79]

459.67+0.4624T [80]

Table 2.5. Experiments for thermal model validation.
Parameters

Laser Power

Spindle
RPM

Feed

Diameter

Preheat
time

Levels

100W, 200W

500

0.1 mm/rev

25.32 mm

6s

Figure 2.2 shows the evolution of the maximum temperature along the line on the surface
of the MMC using the thermal model and compared to the experiments. It can be seen from Figure
2.2 that the equivalent material properties used for representing the Fe-TiC MMC can predict the
temperature in the MMC after irradiation with the CO2 laser. Underestimation in the beginning
can be attributed to overheating of some hot spots during the preheating phase. Slight variations
in the measured temperature are attributed to the removal of the graphite coating due to the incident
laser beam.
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Figure 2.2. Thermal model validation results.
Results
2.3.1 Effect of Post-processing Heat Treatment
Figure 2.3 shows the microstructure of the MMCs before and after the heat treatment.
Polygonal ferrite grains can be seen clearly in the matrix for both as-manufactured samples (Figure
2.3 (a)) and heat-treated (Figure 2.3 (b)) samples with TiC particles embedded in the matrix. Grain
size in the heat-treated samples are larger and uniformly distributed throughout the matrix as
compared to as-manufactured samples. Recrystallization during post processing results in the
formation of equiaxed polygonal grain structure with grain size larger than as-deposited parts.
Furthermore, annealing also enhances the machinability of Fe-TiC MMCs [81, 82]. Figure 2.4
shows the XRD analysis for the as-deposited samples (Figure 2.4(a)) and heat-treated samples
(Figure 2.4(b)). No phase change occurred during the heat treatment cycle which is evident from
Figure 2.4. Heat treated samples registered higher peaks for Fe in the (110) plane and a Full width
at half the maximum value of diffraction (FWHM) analysis using gauss fitting of the XRD peak

27
of (110)Fe indicated that the diffraction peak narrowed by 10% in the heat treated sample as
compared to as-deposited sample. FWHM is indicative of the dislocation density, grain distortion,
and residual stresses [83, 84]. Broader peak in as-deposited samples can be attributed to the
localized laser heating during the additive manufacturing, which can increase the defects in
structure. Undesirable strains can be mitigated after full annealing [85]. On the other hand,
annealing resulted in a decrease in macrohardness value of the MMCs from 100 HRB for asdeposited samples to 94 HRB for annealed samples due to the increase in the grain size, which
enhances the ductility and toughness of the material at the cost of strength.
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(a)

(b)
Figure 2.3. Etched micrographs of Fe-TiC, (a) As-manufactured sample, and (b) Heat treated
sample.
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(a)

(b)
Figure 2.4. XRD analysis of Fe-TiC: (a) As-deposited sample, and (b) Heat treated sample.
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2.3.2 LAM Experimental Results
2.3.2.1 Specific Cutting Energy
Figure 2.5 shows the measured specific cutting energy at different material removal
temperatures. It is evident from Figure 2.5 that the material removal temperature has a significant
impact on cutting forces. High temperature results in reduction in the matrix strength and hardness
which facilitates the deformation of the matrix around the particles, allowing the tool to easily cut
through the matrix.

Figure 2.5. Variation of specific cutting energy with temperature.
2.3.2.2 Tool Wear and Tool Wear Progression
Figure 2.6 shows the flank wear after removal of approximately 3000 mm3 of material. Tool
wear was reduced with an increase in the material removal temperature from 23 °C to 300 °C. At
high material removal temperature, reduced stresses and low volume fraction of the particles (10%
vol) in the Fe matrix offer less resistance to the tool. However, a very high temperature in the
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cutting zone reduces the tool strength as well because of low temperature gradients existing
between the laser heated spot and tool tip at high cutting speeds. In such a case, hard ceramic
particles can easily abrade the softened tool, hence resulting in its wear. For this reason, minimal
improvement in the tool wear was observed when the material removal temperature increased from
200 °C to 300 ° C and with further increase in the material removal temperature, the tool wear
increased. An optimum material removal temperature of 300 °C was determined from the tool
wear measurements. Progression of the tool wear was determined for the material removal
temperature of 300 °C and compared to conventional machining results as shown in Figure 2.7.
The data for 300°C was linearly interpolated from approximately 3000 mm3 till the flank wear
reached 300 µm to determine the volume of the material removed till the tool reached failure.
Figure 2.7 indicates an improvement in the tool life by approximately 20%.

Figure 2.6. Tool wear after removal of approximately 3000 mm3 of material removal.
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Figure 2.7. Progression of tool wear during conventional machining and machining at material
removal temperature of 300 °C.
2.3.2.3 Sub-surface Damage and Surface Integrity
Figure 2.8 shows the results for the surface roughness obtained after removal of approximately
3000 mm3 of material. Surface roughness solely cannot reveal the information about the surface
integrity due to existence of the sub-surface damage and sub-surface deformations [8]. Damage in
the machined sub-surface exists in the form of interface separation, which results in void
nucleation in the matrix, particle fracture/pullout or growth and coalescence of voids which results
in the crack propagation through the matrix. Furthermore, particle volume fraction and particle
size can significantly affect the sub-surface integrity [28, 86]. During machining of MMCs,
particles tend to dislodge from the matrix and roll in front of the tool, which causes ploughing in
the matrix, hence generating grooves in the machined surface [21]. Pulled particles create cavities
in the machined surface and some particles also tend to indent into the matrix, which causes local
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deformation in the machined surface [19]. This interaction along with the dynamics of particle
fracture causes the surface roughness to be highly dependent on the particle size and particle
volume fraction. Therefore, it is essential to quantify the damage in MMC along with the
measurement of sub-surface roughness. Figure 2.9 depicts different damage mechanisms identified
after machining of Fe-TiC MMC. SEM images of machined sub-surface indicate that particle
fracture was primarily existent near the machined surface. This is due to interaction of the particles
with the tool directly underneath the tool path, when particles encountered the tool but could not
get dislodged from the machined surface. Particles ahead of the cutting tool and ploughing through
the matrix material also resulted in fracture of the other particles in the machined sub-surface
which is indicated by Figure 2.9 (b). Maximum depth of sub-surface debonding is also presented
in Figure 2.8 to augment the data for the surface roughness with sub-surface deformations. As can
be seen from Figure 8 that the surface roughness reduces marginally with the increase in the
material removal temperature for the chosen process parameters. Correspondingly, the sub-surface
damage also reduced with increasing material removal temperatures. High temperature softens the
matrix material and the particles can easily indent into the matrix. The matrix can deform around
the particles at high temperatures and void nucleation in the matrix at high temperatures gets
delayed resulting in a reduction in the sub-surface damage.
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Figure 2.8. Effect of LAM on surface roughness and sub-surface damage.
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(a)

(b)
Figure 2.9. Primary damage mechanisms in the machined sub-surface, (a) Interfacial Debonding,
Particle fracture and matrix cracks, and (b) Particle ploughing causing damage to other particles.
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Discussions
Machining causes sub-surface damage in the metal matrix composites, which can occur
due to various mechanisms such as particle pullout/fracture, debonding, and matrix fracture etc.
One drawback of the LDD process for the deposition of MMC is the existence of open porosities
throughout the workpiece in the matrix material. Cracks in the matrix can easily propagate due to
the presence of porosities as they also act as voids in the matrix in addition to voids nucleated due
to interfacial fracture. A typical crack propagation in the machined matrix is shown in Figure 2.9
(a). A similar mechanism can cause crack propagation in the shear zone and the chips as well
which results in the formation of segmented chips. However, in the experiments continuous chips
were observed indicating that these cracks could not get propagated throughout the shear zone.
Since the volume fraction of TiC in the iron matrix is low, the tool primarily cuts the iron matrix
resulting in its plastic deformation causing the chips to flow on the tool rake face with particles
embedded in it. Interfacial separation occurred in the chip region which resulted in nucleation of
the voids in the matrix around the particles. Cracks were mostly observed in the periphery of the
chips nucleating in the matrix around the particles and propagating through the porosities. Figure
2.10 (a) shows the chips obtained during the conventional machining and LAM at 300 °C with
Figure 2.10 (b) indicating microcracks in typical chips obtained during the experiments. During
conventional machining, the chips are consistently curly, silver and brown in color, and long and
continuously tubular. On the other hand, during LAM, the amount of chip curvature is significantly
lessened and the chips are almost straight. Due to increased machining temperature associated with
LAM, the chips are brown, blue, or purple.
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(a)

(b)
Figure 2.10.Chip formation in MMCs, (a) Chip morphology, and (b) Microscopic details for
chips.
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3. MULTI-SCALE MODEL FOR THE PREDICTION OF SUB-SURFACE
DAMAGE IN METAL MATRIX COMPOSITES

In this chapter, a multi-scale numerical framework for the prediction of sub-surface damage
in metal matrix composites is presented. Figure 3.1 depicts the methodology for multi-scale
modeling of subsurface deformation during the laser assisted turning of Fe-TiC MMC. Atomistic
simulations were utilized to determine the interfacial properties for Fe-TiC MMC. These atomistic
simulations must be carried out at high strain rates to determine the response of the materials.
Generally, the mechanical properties of the materials are affected by the strain rate, but owing to
interface representing a very small transition zone between the metal and the ceramic, the
interfacial properties are less sensitive to the strain rate. Based on this assumption, MD has been
successfully used to predict the macroscopic and microscopic response of MMCs [87] and
ceramics [57]. Temperature dependent traction separation responses determined from the MD
calculations provided the input for the interfacial elements in FEA for the prediction of sub-surface
damage.
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Figure 3.1. Schematic for hierarchical multi-scale sub-surface damage prediction modeling.
Molecular Dynamics Modeling
Hao et al. [88] studied the ductile fracture in steel-based composites using hierarchical
multi-scale and multiphysics simulations. They determined the traction separation curve for FeTiC interface at room temperature using first principle calculations. However, data for traction
separation law for Fe-TiC interface at higher temperatures is not existent in the literature.
Therefore, MD calculations were carried out to predict the temperature dependent traction
separation response of the interface under normal and shear loading. Open source MD program,
LAMMPS, developed by Plimpton et al. [89], was utilized for carrying out computations for
determining the temperature dependent traction separation relationships. To model the Fe-TiC
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bimaterial interface, Fe was modeled as a bcc crystal with the lattice constant of 0.287 nm and TiC
was modeled as a NaCl structure with the lattice constant of 0.433 nm as given by Hao et al. [90].
The Fe-TiC interface was modeled along Fe (001)/TiC (001) with the interface orientation
<110>Febcc||<100>TiCNaCl, which is governed by the Baker-Nutting orientation relationship. This
orientation provides the minimum misfit to the lattice of TiC and the interface is formed between
the most stable surfaces [91, 92]. Using this orientation, three different types of interfaces may
exist with Fe atoms: (a) on top of C atoms, (b) on top of Ti atoms, and (c) between Ti-C on the
cave site. As outlined by Kim et al. [93], the most stable interface with Fe atoms on top of C was
chosen for determining the traction separation response of the Fe-TiC interface.
A second nearest neighbor modified embedded atom method (2NN MEAM), developed by
Kim et al. [93], was used for representing the interatomic forces between the constituents. In the
MEAM, the total energy of the system is given in the following form:

𝐸 = ∑ [𝐹𝑖 (𝜌̅𝑖 ) +
𝑖

1
∑ 𝑆𝑖𝑗 ∅𝑖𝑗 (𝑅𝑖𝑗 )]
2

(3.1)

𝑗(≠𝑖)

where 𝐹𝑖 is the embedding energy, 𝜌̅𝑖 is the background electron density, and 𝑆𝑖𝑗 and ∅𝑖𝑗 (𝑅𝑖𝑗 ) are
the screening functions and pair interactions between atoms i and j respectively, separated by a
distance 𝑅𝑖𝑗 . This interatomic potential can predict the coherent interface properties between Fe
and TiC in agreement with the first principle calculations, but with the only drawback being the
overestimation of the lattice parameter of TiC by 2% as described by Kim et al. [93]. The elastic
constants predicted by MEAM for Fe and TiC and their comparison with the data published
previously are presented in Table 3.1. The young’s modulus for the bimaterial system was
determined to be 235 GPa, which matches well with the range of elastic modulus data between
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210-230 GPa as reviewed by Parashivamurthy et al. [82]. This increased the confidence of the
interatomic potential for representing the Fe-TiC material at the atomistic scale.
Table 3.1. Elastic constants as predicted from MD calculations using 2NN-MEAM developed by
Kim et al. (2009).
C11 (GPa)

C12(GPa)

C44(GPa)

Present
Study

Literature
data

Present
Study

Literature
data

Present
Study

Literature
data

Fe

242

243.4 [*, **]

138

145 [*, **]

121

116 [*, **]

TiC

522

513 [***]

101

106

[***]

129

178

[***]

*Ackland et al. (1997) [94]
**Medelev et al. (2003) [95]
***Choy et al. (1979) [96]

For the visualization of the structure evolution under loading, open source visualization
platform OVITO, developed by Stukowski [97], was utilized. Figure 3.2 shows the simulation
model for carrying out the computational study to determine the traction separation response. Size
of the simulation domain was chosen to be 17 nm x 4 nm x 20 nm. For the normal loading of the
interface, periodic boundary condition was used in x and y directions while the z direction was
kept non-periodic. On the other hand, for the shear loading, only the y direction was kept periodic
while the x and z directions were non-periodic. Initial interface separation distance was chosen to
be 2 Å as the simulation results are not affected by the initial separation distance unless it causes
numerical instability [98]. The system was equilibrated under NVT ensemble for 100 ps. A crack
of size 3.5 nm was introduced in the center of the specimen and the entire simulation domain was
divided into 3 regions as shown in the Figure 3.2. Region 1 and 3 represent the boundary regions,
which were subjected to tensile and shear deformation. For tensile loading, the system was
uniformly stretched along the z direction, whereas for the shear loading the system was uniformly
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stretched in the opposite directions along x axis. Loading was carried out at a constant strain rate
of 1 x 109 s-1. Loading of the atoms in region 2 was ramped from region 1 to region 3 to avoid the
creation of shock wave [99]. To eliminate crack healing under shear loading, the interaction
between the upper left-lower right and upper right-lower left atomic regions was turned off.
Traction and separation were determined near the crack to make sure that they were representative
of the local loading which caused the crack opening. These MD simulations were carried out at
constant temperatures of 23 °C, 200 °C, 400 °C and 600 °C.

Figure 3.2. Atomistic model for determining of traction separation response of Fe-TiC interface.
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Finite-Element Modeling
Hexagonal cells with an inner diameter of 49 µm were utilized for discretizing the 3D
machining domain. The size of the hexagonal cell was chosen to be equivalent to the particle size
as obtained from the optical microscopy. These hexagonal cells were stacked together for
generating the heterogeneous microstructure of the workpiece. The hexagonal cells were meshed
with 8 node hexahedral elements (C3D8RT) for carrying out the computations. Random hexagonal
cells were chosen to be representing the particles with 8 node cohesive elements (COH3D8)
representing the interface between the matrix and the particles. The particles were dispersed such
that their volume fraction in the continuum was 10%. Figure 3.3 shows a schematic for the
representation of the heterogeneous microstructure of the MMC in FEA. Figure 3.3 (a) shows the
arrangement of hexagonal cells for constructing the 3D microstructure for nose turning simulation
and Figure 3.3 (b) shows the representation of the interface. A coupled temperature displacement
analysis was carried out to model the turning process. Contact of the tool with the entire workpiece
material was defined with a constant coefficient of friction of 0.47. A non-frictional contact was
also defined for interaction between the particles and the matrix after the interfacial failure to
ensure that the particles do not penetrate into the matrix without resistance, which could have led
to artifacts in the simulation results.
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(a)

(b)
Figure 3.3. Schematic for model generation in FEA, (a) Hexagonal cells for micro-mechanics
based model generation, and (b) representation of interface in the micro-mechanics model.

3.2.1 Material Modeling
Mechanical properties of iron are presented in Table 3.2. Iron was modelled as an elasticplastic material with the Johnson cook (JC) constitutive model (Equation 3.2) of ferrite iron
representing the plastic behavior of the material and shear strain at fracture specified as damage
parameter. TiC was modeled as a perfectly elastic material with its elastic properties listed in Table
3.2. Fracture of TiC is not included in this study because ceramics exhibit stochastic brittle fracture
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behavior and require their modeling with methods such as Weibull statistics [100, 101] or
individual grain based modeling [41], which is beyond the scope of this work.
𝑚

𝜎 = (𝐴 + 𝐵𝜀

𝑛)

𝑇 − 𝑇𝑟𝑒𝑓
𝜀̇
(1 + 𝐶 𝑙𝑛 ( )) (1 − [
] )
𝜀̇0
𝑇𝑚𝑒𝑙𝑡 − 𝑇𝑟𝑒𝑓

(3.2)

Table 3.2. Mechanical properties of iron and TiC.
Fe

TiC

Elastic Modulus (GPa)

168 [102]

438 [102]

Poisson’s ratio

0.28 [102]

0.19 [102]

JC constants for Fe [103, 104]
A (MPa)

190

B (MPa)

600.8

n

0.078

C

0.005

m

1

Properties for the cohesive elements were determined from the MD calculations for the FeTiC interface at different temperatures. The traction separation response, *TRACTION
SEPARATION, was implemented in Abaqus to describe the relationship between the interface
traction and its corresponding separation. Damage initiation was specified by *QUADS damage
criteria with fracture energy, *ENERGY, specifying the damage evolution and complete failure of
the interface. Element deletion was utilized for visualization of the fractured interface during the
cutting.
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To approximate the traction separation response for FEA, results of MD calculations were
parameterized using Equations 3.3 and 3.4. Equation 3.3 represents the parametric relationship for
the normal traction separation response where Fn is the normal traction, which is expressed in
terms of a non-dimensional parameter λn. λn could be obtained by dividing the normal
displacement by the displacement at complete failure for the interface under normal loading. 𝜎𝑛 (𝑇)
represents the maximum stress i.e. the stress at the initiation of fracture in the interface at different
temperatures and An, Bn and Cn are coefficients. Equation 3.4 represents the parametric
relationship for the shear traction separation response for Fe-TiC MMC. Like Equation 3.3, Fs is
the shear traction which is expressed in terms of a non-dimensional parameter λs. λs could be
obtained by dividing the shear displacement by the displacement at complete failure for the
interface during shear loading. 𝜎𝑠 (𝑇) represents the maximum shear stress i.e. the stress at the
initiation of fracture in the interface and As, Bs and Cs are coefficients.
𝐹𝑛 (𝜆𝑛 ) = 𝐴𝑛 𝜎𝑛 (𝑇). 𝜆𝑛 (1 − 𝜆𝑛 ). exp(−𝐵𝑛 𝜆𝑛 𝐶𝑛 )

(3.3)

𝐹𝑠 (𝜆𝑠 ) = 𝐴𝑠 𝜎𝑠 (𝑇). 𝜆𝑠 (1 − 𝜆𝑠 ). exp(−𝐵𝑠 𝜆𝑠 𝐶𝑠 )

(3.4)

Experimental Methodology
The experimental details are presented in Chapter 2. The simulation model was run
corresponding to the parameters presented in Table 2.2. The results of the cutting force and subsurface debonding were compared between the experimental and simulation outcomes.

47
Results and Discussions
3.4.1 MD Modeling Results and Validation
Figure 3.4 shows the response of the Fe-TiC composite under mode 1 loading (Figure 3.4
(a)) and under mode 2 loading (Figure 3.4 (b)). Figure 3.4 indicates that the crack propagation
takes place in the matrix near the interface and not perfectly at the interface. This is due to the
cohesive energy of the interface and particle being greater than the strength of the matrix. Figure
3.5 shows the local traction separation response of Fe-TiC interface under mode I loading (Figure
3.5 (a)) and mode II (Figure 3.5 (b)) loading. It can be observed that regardless of the temperature
or the mode of loading, traction always increases to a peak value with the increase in the separation
and then decreases to near zero when the crack opening becomes large, indicating complete failure
of the interface.
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(a)

(b)
Figure 3.4. Visualization of the loading of Fe-TiC MMC, (a) Fe-TiC interface under normal
loading, and (b) Fe-TiC interface under shear loading.
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.
(a)

(b)
Figure 3.5. Local traction separation response of Fe-TiC interface, (a) under mode 1 loading, and
(b) under mode II loading.
To validate the traction separation response of Fe-TiC composites, traction separation data
of Hao et al. [88] was utilized. Hao et al. [88] predicted the maximum stress at the Fe-C separation
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site to be 6.5 GPa and the corresponding fracture energy to be 3.76 J/m2. Maximum stress observed
in the present study under normal loading was 6.82 GPa with the corresponding fracture energy
being 4.39 J/m2, hence instilling confidence in the predicted traction separation response under
normal loading. Maximum stress under shear loading at room temperature was calculated to be
4.21 GPa, which is close to the typical relationship between the normal and tangential strength,
i.e., the general ratio of 1/√3 between the shear and normal strength, hence confirming the validity
of the shear traction separation response of the composites. Fracture energy for the shear traction
separation curve was calculated to 10.2 J/m2. This indicates that the interface is most likely to fail
under normal loading. Maximum normal and shear tractions at different temperatures are presented
in Table 3.3. At room temperature, An, Bn and Cn were identified to be 10.5, 6 and 1.5 respectively
for normal loading. Correspondingly for the shear loading, As, Bs and Cs were identified to be 20.5,
4.372 and 0.8 respectively.
Table 3.3. Maximum stress under mode 1 and mode 2 loading.
Temperature (°C)

𝜎𝑛 (GPa)

𝜎𝑠 (GPa)

25
200
400
600

6.82
5.77
5.10
4.76

4.23
3.68
3.29
2.81

3.4.2 Nose Turning Simulations and Cutting Force Validations
Figure 3.6 (a) shows the simulated chip formation for cutting at room temperature. Figure 3.6
(b) shows the simulated machined sub-surface. Continuous chips were observed in the cutting
simulations of the MMC at all material removal temperatures. Since the volume fraction of TiC in
the iron matrix is low, the tool primarily cuts the iron matrix, resulting in its plastic deformation
causing the chips to flow on the tool rake face with particles embedded in it. Interfacial separation
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occurred in the chip region, which resulted in nucleation of the voids in the matrix around the
particles. However, these voids could not get coalesced, which could have resulted in a crack
propagating throughout the chip and causing the chips to breakoff. It was observed in the cutting
simulations that the particle concentration increased ahead of the cutting tool, which is indicative
of particle ploughing through the matrix. This simulated observation is consistent with the study
of Pramanik et al. [19]. Dislodged particles moving ahead of the tool may either move up the rake
face of the tool or move along the flank face of the tool. This is dependent on the location of the
particle with respect to the cutting path. Debonded particles located slightly below the cutting path
but interacting with the tool move along the flank face of the tool. On the other hand, debonded
particles located slightly above the cutting path but interacting with the tool move up on the rake
face. A third scenario exists where the debonded particles move with the tool, ploughing through
the matrix, resulting in an increase in the particle concentration before moving over the rake face.
The three scenarios observed during the cutting simulations are presented in Figure 3.7. This
ploughing has a detrimental effect on the surface finish of the part and results in increased tool
wear due to hard ceramic particles consistently abrading against the tool. Moreover, the adverse
effect of ploughing on tool wear and surface roughness is in proportion to the particle size; greater
the particle size, greater will be the tool wear and surface roughness. However, this has been
explored only numerically in machining of Fe-TiC metal matrix composites. Nevertheless, this
observation is consistent with the study of Hiremath et al. [86] and Marigoudar and Sadashivappa
[28] on B4Cp-6061 aluminum matrix composites and SiC-ZA43 alloy MMC respectively.
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(a)

(b)
Figure 3.6. Nose turning simulations results (a) Simulated Chip formation (von mises stress
contours), and (b) simulated machined sub-surface.
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Figure 3.7. Ploughing of particles through the matrix and subsequent particle flow along the rake
and flank face of the tool.

A comparison between the simulated results and experimental data for the cutting force
indicates that the multi-scale model developed in this study can predict the cutting forces within
reasonable degree of accuracy. Figure 3.8 shows the simulated cutting forces compared with the
experimental data. Higher material removal temperature results in reduced force due to reduced
shear zone stress in the matrix. The reduced stress facilitates the deformation of the matrix around
the particles in the shear zone, subsequently allowing comparatively easy flow of the matrix on
the tool rake face than conventional machining.
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Figure 3.8. Comparison of Cutting force results from experiments and simulations for cutting
speed of 150 m/min, depth of cut of 0.76 mm and feed of 0.1 mm/rev.

3.4.3 Sub-surface Damage
Figure 3.9 shows the particle dispersion in the matrix prior to machining. The internal
microstructure was relatively damage free, showing open porosities on the surface which is a
characteristic of laser direct deposition process. Damage induced due to machining exists in the
internal cross-section of the composite near machined surface. Damage in the machined subsurface exists in the form of interface separation, which results in void nucleation in the matrix,
particle fracture/pullout or growth and coalescence of voids which results in the crack propagation
through the matrix.
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Since the primary damage mechanism predicted using the multi-scale model is interfacial
debonding underneath the machined surface, regions of interfacial separation sites were identified
from SEM images collected from the samples after machining experiments at different material
removal temperatures. Damage measurements were carried out and the interfacial debonding
results predicted from the simulation results were compared with the experimental outcomes.
Experimental damage measurements and the corresponding predicted damage results are presented
in Figure 3.10. Damage accrued near the machined surface where the crack density was larger than
the crack density in the internal region of the workpiece away from the machined surface where
there was no damage. More interfacial separation was observed in the immediate vicinity of the
machined surface as the measurement depth increased, i.e., the interfacial separation decreased
where it is away from the machined surface, indicating only partial debonding. This is also evident
in Figure 3.10 (b) for SEM images of the machined samples.
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Figure 3.9. Particle dispersion in Fe-TiC composites prior to laser assisted machining
experiments.
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(a)

(b)
Figure 3.10. Experiment sub-surface damage measurements and corresponding predictions with
simulation, (a) Tmr=23°C, (b) Tmr=200°C, (c) Tmr=300°C, and (d) Tmr=400°C.
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(c)

(d)
Figure 3.10. Continued.
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A comparison of the maximum damage depth at different locations around the machined
surface was also made between the simulation outcomes and experimentally acquired data. Figure
3.11 depicts a comparison of the maximum damage as observed from the simulations and the
experiments. As the material removal temperature increased, the interfacial debonding in the subsurface decreased. However, increasing the material removal temperature beyond 300°C did not
affect the damage depth significantly. Reduction in the damage depth is attributed to the interplay
between the reduction in the strength of the material at higher temperature and cutting forces which
cause the continuous loading and unloading of the surface of the finished workpiece, subsequently
causing the interface to fail. It can be seen from Figure 3.8 that the cutting force decreased very
slightly after increasing the material removal temperature from 300 °C to 400 °C, which is also
reflected upon the propagation of the sub-surface cracks.
Furthermore, it was observed from the simulations that the particles indented and ploughed
through the matrix, thereby contributing towards an additional loading of the machined workpiece
in addition to loading by secondary cutting edge of the tool. This also resulted in the sub-surface
damage in regions near the machined surface where the particles were clustered together. It is
worthwhile to note that the large variability in the acquired experimental data in Figure 3.11. is
due to the random dispersions of the particles contributing to only 10 vol% in the iron matrix.
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Figure 3.11. Comparison of sub-surface damage between simulations and experiments.
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4. CONCLUSIONS AND RECOMMENDATIONS

Conclusions
In this research, a novel 3D multi-scale model has been developed, which is capable of
predicting the sub-surface damage during conventional and laser assisted machining of metal
matrix composites. Good agreement between the predicted results and experimental results have
established the fidelity of the multi-scale model to predict the multi-scale response of MMCs to
thermo-mechanical deformations. With the help of the simulation model, the process parameters
associated with the machining, namely, feed, speed, depth of cut, and tool geometry such as the
tool nose radius, and rake angle, can be optimized for achieving improved machinability of metal
matrix composites. The key findings and conclusions are as follows:
1. Determination of the traction separation relationships using MD simulations indicated that
the value of the peak stresses decreases and the bimaterial system registers enhanced
ductility at the interface at higher temperature,
2. A 3D multiscale model was implemented in Abaqus and it predicted the microscopic and
macroscopic response of Fe-TiC MMC within reasonable degree of accuracy. From the
FEA model, the following conclusions were made:
I.

An increase in the particle concentration ahead of the tool and ploughing of
particles through the matrix was observed which results in the propagation of cracks
in the machined subsurface in addition to loading from the secondary cutting edge
of the tool.

II.

Particles lying along the cutting edge can either move on the tool rake face/flank
face or indent into the matrix. Indentation of the particles into the matrix and their
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subsequent interaction with the particles underneath the cutting path results in the
sub-surface damage
3. Crack propagation through open porosities in the matrix contribute towards the damage in
the machined workpiece and chips. Increasing the material removal temperature resulted
in a decrease in the sub-surface damage which was observed both experimentally and
numerically. A 20% reduction in the sub-surface damage was observed for a material
removal temperature of 300 °C as compared to conventional machining. Correlation
between the main cutting force and thrust force with the sub-surface damage revealed the
limitation of augmented heating in reducing the sub-surface damage beyond the critical
temperature.
4. Experimental investigations for laser assisted machining of Fe-TiC MMC revealed that
LAM results in an improvement in the machinability of Fe-TiC MMC and it can
outperform the conventional machining in terms of the both the machining outcomes and
the economics of machining. A 19% reduction in specific cutting energy and a 20%
improvement in tool life was determined for a carbide tooling with depth of cut, feed and
speed of 0.76 mm, 0.1 mm/rev and 150 m/min respectively.

63
Recommendations

Some ideas for future research on the modeling and experimental aspects are summarized as
follows:
•

The multi-scale model can be tested and validated for different material systems, such as
Inconel-TiC MMC etc.

•

One of the primary drawbacks of manufacturing via LDD is that the part contains open
porosities. These porosities should be taken into consideration to make the multi-scale
model more robust. Crack propagation due to the existence of the porosities can also reveal
insights into the development of residual stresses in the machined MMCs.

•

Correlation of the pore size and volume fraction in the manufactured bulk metals with the
post manufacture material processes such as heat treatment is needed to be studied
quantitatively which could serve as an input to the multi-scale model.

•

Computational cost associated with the prediction of sub-surface damage is huge. The time
associated with the simulations can be reduced using advanced modeling tools such as
mechanics of structure genome (MSG). Methodologies of effective homogenization and
de-homogenization using the MSG are needed to be explored and implemented within the
realms of predicting the sub-surface damage in metal matrix composites.
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